Patients in minimally conscious state (MCS) have been subcategorized in MCS plus and MCS minus, based on command-following, intelligible verbalization or intentional communication. We here aimed to better characterize the functional neuroanatomy of MCS based on this clinical subcategorization by means of resting state functional magnetic resonance imaging (fMRI). Resting state fMRI was acquired in 292 MCS patients and a seed-based analysis was conducted on a convenience sample of 10 MCS plus patients, 9 MCS minus patients and 35 healthy subjects. We investigated the left and right frontoparietal networks (FPN), auditory network, default mode network (DMN), thalamocortical connectivity and DMN between-network anticorrelations. We also employed an analysis based on regions of interest (ROI) to examine interhemispheric connectivity and investigated intergroup differences in gray/white matter volume by means of voxel-based morphometry. We found a higher connectivity in MCS plus as compared to MCS minus in the left FPN, specifically between the left dorso-lateral prefrontal cortex and left temporo-occipital fusiform cortex. No differences between patient groups were observed in the auditory network, right FPN, DMN, thalamocortical and interhemispheric connectivity, between-network anticorrelations and gray/white matter volume. Our preliminary group-level results suggest that the clinical subcategorization of MCS may involve functional connectivity differences in a language-related executive control network. MCS plus and minus patients are seemingly not differentiated by networks associated to auditory processing, perception of surroundings and internal awareness/self-mentation, nor by interhemispheric integration and structural brain damage.
| INTRODUCTION
Disorders of consciousness are characterized by prolonged impaired awareness following a severe brain damage (Laureys, Perrin, et al., 2004) . Patients in coma are neither awake nor aware, but this condition usually lasts no longer than four weeks. When patients awaken but show no signs of awareness of self and surroundings, they are said to have unresponsive wakefulness syndrome (i.e., vegetative state) (Laureys et al., 2010) . When patients recover minimal yet definite behavioral evidence of self or environmental awareness, they are said to be in a minimally conscious state (MCS) (Giacino et al., 2002) . The MCS diagnosis has been further subcategorized into MCS minus and MCS plus (Bruno et al., 2012; Bruno, Vanhaudenhuyse, Thibaut, Moonen, & Laureys, 2011) . The most frequent signs of consciousness in MCS minus patients are visual fixation and pursuit, automatic motor reactions (e.g., scratching, pulling the bed sheet) and localization to tively with the level of consciousness ranging from unresponsive wakefulness syndrome to healthy consciousness. In particular, only patients who emerged from the MCS and healthy control subjects (HCS) showed these DMN between-network anticorrelations. Patients in altered states of consciousness had atypical positive correlations between the two networks, suggesting that anticorrelations characterize the level of consciousness involved in functional communication and object use. These findings imply that DMN anticorrelations may play an important role in internetwork information integration during consciousness by allowing for alternation between extrospectivelyoriented and introspectively-oriented modes of function (Fransson, 2005) ; this aspect has also been considered to be indicative of subjectivity or conscious awareness (Demertzi, Vanhaudenhuyse, et al., 2013) .
Similarly, thalamocortical connections were shown to play a crucial role in patients' behavioral profile and complex information integration sustaining conscious awareness, by means of both structural and neurophysiological studies (Estraneo et al., 2016; Kim, Hwang, Kang, Kim, & Choi, 2012; Zheng, Reggente, Lutkenhoff, Owen, & Monti, 2017) .
While several studies have, to date, focused on characterizing the levels of consciousness and prognostic factors in patients with disorders of consciousness (Demertzi et al., 2015; Di Perri et al., 2016; Laureys, Bodart, & Gosseries, 2014; Stender et al., 2014) , their residual cognitive functions still remain poorly investigated. It has been shown that patient's own name stimulation activated associative areas in unresponsive patients who subsequently evolved to MCS (Di et al., 2007) . By contrasting connectivity responses to intelligible and unintelligible speech in two MCS patients, Schiff and colleagues (Schiff et al., 2005) showed a residual cortical activity related to language processing in these patients despite their inability to follow simple commands. Similarly, using fMRI during a silent picture-naming task, five MCS patients demonstrated at least a partial preservation of the language network (Rodriguez Moreno, Schiff, Giacino, Kalmar, & Hirsch, 2010) . More recently, connectivity responses to diverse auditory stimulations (words vs. pseudo-words or semantically-related vs. semantically-non related words) were analyzed in MCS and unresponsive patients (Nigri et al., 2016) . Their results suggested a residual automatic lexical processing in the linguistic networks of both patient groups. Evidence of context-dependent higher-order auditory processing in severely brain injured patients have also been provided by means of positron emission tomography (PET) (Laureys, Perrin, et al., 2004 ) and event-related potential paradigms (Beukema et al., 2016; Kotchoubey et al., 2005) .
Using fluorodeoxyglucose PET in resting state, Bruno et al. (2012) found a metabolic impairment in a bilateral subcortical (thalamus and caudate) and cortical (fronto-temporo-parietal) network in traumatic and nontraumatic patients in MCS. Nevertheless, as compared to MCS minus, patients in MCS plus showed preserved cerebral metabolism in left-sided cortical areas, including language-related areas such as Broca's (1861) and Wernicke's areas. Although the influence of motor skills, memory and volition on command-following abilities has to be taken into account, such findings further suggest a critical role of language functions in the MCS subcategorization. In other words, MCS minus patients may present reduced residual language abilities as compared to MCS plus patients. It is further important to stress here that MCS minus patients have multiple domain impairment as compared to aphasic patients and hence cannot be simply equated to aphasic patients.
We here aimed to better characterize the functional neuroanatomy of MCS based on its clinical subcategorization into MCS plus and MCS minus by means of resting state fMRI. Given that previous studies in conscious aphasic patients showed an impairment of connectivity between structures in the left FPN (Kümmerer et al., 2013; Zhu et al., 2014) , we hypothesized a higher connectivity in MCS plus as compared to MCS minus in this language-related executive control network (Smith et al., 2009) . We also investigated the DMN, the auditory network and right FPN-which are known to differ between different altered states of consciousness (Crone et al., 2014; Demertzi et al., 2015; Di Perri et al., 2016; Estraneo et al., 2016; Laureys et al., 2000; Vanhaudenhuyse et al., 2011; Zheng et al., 2017) -to test whether the clinical subcategorization of MCS might reflect differences in networks involved in internal awareness or self-related mentation, auditory processing and perception of surroundings, respectively (Laird et al., 2011) .
We further aimed at investigating whether the subcategories of MCS minus and plus are sustained by differences in interhemispheric connectivity in the networks of interest (Teki et al., 2013) . Indeed, whether the reestablishment of left-right hemisphere connectivity plays a role in residual language abilities in MCS plus patients is still unclear. Given that language is left hemisphere dominant (Klingbeil, Wawrzyniak, Stockert, & Saur, 2017; McAvoy et al., 2016) and that recovery of language in conscious aphasic patients can involve compensatory mechanisms in the contralateral right hemisphere (Artzi, Shiran, Weinstein, Myers, & Tarrasch, 2016; Heiss, Kessler, Thiel, Ghaemi, & Karbe, 1999; Teki et al., 2013) , the restoration of left-right hemisphere connections might play a particular role in the transition from MCS minus to MCS plus. In addition, to control for the influence of anatomical deformations on functional connectivity changes (Demertzi et al., 2015; Di Perri et al., 2016) , we investigated group differences in gray and white matter volume by means of voxel-based morphometry. In light of previous studies showing no unequivocal relationship between morphology and disorders of consciousness (Demertzi et al., 2015; Di Perri et al., 2016; Tshibanda et al., 2010) we did not expect brain morphology to be significantly different between MCS subgroups. Finally, we investigated DMN anticorrelations and thalamocortical functional connectivity, known to be different in patients with impaired consciousness as compared to conscious subjects (Di Perri et al., 2016; Estraneo et al., 2016; Kim et al., 2012; Zheng et al., 2017) . In line with previous resting-state fMRI studies which did not show differences in anticorrelations between patients with various disorders of consciousness (Di Perri et al., 2016; Zhou et al., 2011) , we did not expect these markers to be significantly different between the MCS subgroups.
| MATERIALS AND METHOD

| Participants
Patients were included in the study after being behaviorally assessed with the Coma Recovery Scale-Revised (Giacino et al., 2002; Schnakers et al., 2008; Seel et al., 2010) , which allowed us to categorize the patients as being MCS plus or MCS minus. To reduce misdiagnosis, at least five repeated clinical assessments within a short time interval (e.g., one week) were conducted by a team of experienced neuropsychologists. The highest score within that time interval was retained for final diagnosis (Wannez, Heine, Thonnard, Gosseries, & Laureys, 2017) .
The diagnostic criteria for each clinical condition are summarized in Table S1 (Supporting Information 1). Exclusion criteria were: (a) time postinjury less than 28 days, (b) motion artifacts requiring sedation or anesthesia during scanning, (c) motion parameters greater than 3 mm in translation and/or 3 in rotation (leading to exclusion of subjects), (d) large focal brain damage (i.e., more than 2/3 of one hemisphere) as stated by a certified neuroradiologist who was blind to patients' diagnosis (i.e., behavioral profile and research imaging findings), (e) suboptimal segmentation and normalization as stated by a certified neuroradiologist, (f ) left-handedness. Moreover, HCS free of psychiatric or neurological history were included in the present research.
The study was approved by the Ethics Committee of the Faculty of Medicine in the University of Liège. Written informed consent to participate in the study was obtained from the HCS and from the legal surrogates of the patients.
| Data acquisition
Resting-state fMRI: 300 T2*-weighted resting state fMRI volumes (Echo Planar Imaging sequence: 32 slices, repetition time = 2,000 ms, echo time = 30 ms, field of view = 192 × 192 mm 2 , flip angle = 78 , voxel size = 3 × 3 × 3 mm 3 ) were acquired on a 3 T scanner (Siemens Trio Tim, Munich, Germany), in one run of 10 min and 6 s.
Structural Imaging: For anatomical reference and further volumetric anatomical analysis, a high-resolution T1-weighted image was acquired per subject (T1-weighted 3D gradient echo images using 120 slices, repetition time = 2,300 ms, echo time = 2.47 ms, voxel size = 1 × 1 × 1.2 mm 3 , flip angle = 9 , field of view = 256 × 256 mm 2 ).
| Data preprocessing
Resting-state fMRI: Data preprocessing was performed using Statistical Parametric Mapping 8 (SPM 8; www.fil.ion.ucl.ac.uk/spm). Preprocessing steps consisted of: slice-time correction, realignment, coregistration of functional on structural data, spatial normalization with the diffeomorphic anatomical registration through an exponentiated lie algebra (DARTEL) (Ashburner, 2007; Takahashi et al., 2010) and smoothing with Gaussian isotropic kernel (8 mm of full-width-at-halfmaximum). For the normalization procedure we used a study-template created with DARTEL obtained from patients and HCS (Ashburner, 2007; Di Perri et al., 2013; Peelle, Cusack, & Henson, 2012) . This template was used to minimize normalization difficulty as it decreases the degree of warping necessary for patient brains in the normalization step and reduces the likelihood of misclassification and normalization errors that can occur during the voxel-based morphometry process. For BOLD noise reduction, we used the anatomical component-based noise correction method (Behzadi, Restom, Liau, & Liu, 2007) (Fox et al., 2005; Greicius, Krasnow, Reiss, & Menon, 2003) . Remaining head motion parameters (three rotation and three translation parameters, plus another six parameters representing their first-order temporal derivatives) were regressed out. Regarding motion correction we used the artifact detection toolbox (ART; http:// nitrc.org/projects/artifact_detect) for artifact detection and rejection, using a composite motion measure (largest voxel movement) with a "liberal" threshold (global threshold 9.0, motion threshold 2.0, use scan-toscan motion and global signal). With this approach, a volume was defined as an outlier (artifact) if the largest voxel movement detected was above the specified thresholds. Specifically, an image was defined as an outlier (artifact) image if the head displacement in x, y or z direction was greater than 0.5 mm from the previous frame, or if the rotational displacement was greater than .02 rad from the previous frame, or if the global mean intensity in the image was greater than 3 SD from the mean image intensity for the entire resting scan. Outliers in the global mean signal intensity and motion were subsequently included as nuisance regressors (i.e., one regressor per outlier within the first-level general linear model). In doing so, the temporal structure of the data was not disrupted.
Structural imaging: A T1 voxel-based morphometry analysis of brain structure (VBM 8; http://dbm.neuro.uni-jena.de/vbm/) for SPM 8 (http://www.fil.ion.ucl.ac.uk/spm/) was carried out using DAR-TEL. T1 MRI images were segmented into gray and white matter and cerebrospinal fluid using the unified segmentation module. These segmented gray and white matter images were then used to obtain a more accurate intersubject registration model using DARTEL. This model alternates between computing a group template and warping the individual's tissue probability maps in alignment with this template and ultimately creates the individual flow field of each participant. We then normalized the images of each participant into a study template in MNI space to further aid the normalization procedure. The normalized images were visually controlled one by one to ensure that relative gray and white matter volumes were well preserved following spatial normalization. They were further overlaid on an MRI structural image to ensure that all regions would be overlapping.
| Statistical analysis
Resting-state fMRI: For measurement of fMRI resting state functional connectivity, a seed-based approach was performed using the CONN connectivity toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012).
The seed-correlation analysis extracts fMRI BOLD time series from a region of interest (the seed) and determines the temporal correlation between this signal and the time series from all other brain voxels.
Here, we investigated the left FPN, the right FPN, the auditory network and the DMN correlations, known to be involved in languagerelated executive control, perception of surroundings, audition and internal awareness, respectively (Demertzi, Soddu, & Laureys, 2013; Laird et al., 2011; Smith et al., 2009; Stawarczyk, Majerus, Maquet, & D'Argembeau, 2011) . As suggested by reviewers of this manuscript, we further investigated DMN anticorrelations and functional thalamocortical connectivity, known to be related to internetwork information integration (Di Perri et al., 2016; Estraneo et al., 2016; Kim et al., 2012; Zheng et al., 2017) .
For each of them we defined two seeds as 5 mm-radius spheres around peak coordinates of the two main nodes taken from the literature: left dorsolateral prefrontal cortex (DLPFC) and left inferior parietal lobule (IPL) were seeds for the left FPN; right DLPFC and right IPL were considered for the right FPN; auditory network seeds were left and right superior temporal gyrus (STG); medial prefrontal cortex (MPFC) and posterior cingulate cortex (PCC) were seeds for the DMN. To avoid circularity (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009 ) and as previously described (Demertzi et al., 2015; Di Perri et al., 2016; Whitfield-Gabrieli & Nieto-Castanon, 2012) , the seed coordinates were taken from the literature (Table 1 ). Both seeds of each network were analyzed separately.
The time series of each seed were used to estimate whole-brain correlation r maps which were then converted to normally distributed Fisher's z transformed correlation maps to allow for group-level comparisons. In the matrix we identified the positive correlations for each group (MCS plus, MCS minus and HCS) and the differences between MCS plus and minus, MCS plus and HCS, MCS minus and HCS. Anticorrelations were generated by computing the averaged time series in both DMN seeds (MPFC and PCC). The time series were then compared at the whole brain level using Pearson correlation, generating a statistical map of the average correlation coefficient for each voxel and the average signal of the seeded regions (Di Perri et al., 2016) .
We further employed a ROI to ROI analysis using the same seeds as for the seed-voxel analysis, to investigate functional connections for each network between the right and left hemispheres in subject groups, as previously done (McKenna, Koo, Killiany,, & For The Alzheimer's Disease Neuroimaging Initiative, 2016). Each ROI from one side was correlated with all ROIs from the other side. Results were considered statistically significant at p < .05 family wise error (FWE) corrected at cluster level, with clusters made of voxels surviving a p < .001 (whole brain level) (Woo, Krishnan, & Wager, 2014) .
Structural-MRI:
We investigated patient group differences in gray and white matter volume by means of voxel-based morphometry using the gray matter and white matter segments previously obtained by the DARTEL segmentation, as previously described (Demertzi Di Perri et al., 2016) . In the matrix we identified the dif- (Table 2 ). Age and time postinjury did not differ between groups (Mann-Whitney U test: p = 0.66 and p = 0.97, respectively), neither did gender and etiology (binomial test: respectively p = 0.91 and p = 0.25 for TBI versus non-TBI, that is, cerebrovascular accident, anoxia and epilepsy). Thirty-five HCS were also recruited; again age and gender did not differ between groups (respectively Mann-Whitney U test: p = 0.21 and binomial test: p = 0.36-24 women, aged 41 AE 15 years). 
| Resting-state fMRI
| Left frontoparietal network
In HCS, the left DLPFC and left IPL were functionally connected to the lateral frontal cortex (superior, middle and inferior frontal gyrus-more on the 1  66  M  CVA  1,5  12  2  3  5  2  0  2  MCS-2  27  M  TBI  12  9  1  3  2  2  0  2  MCS-3  19  F  TBI  26  10  1  3  2  2  0  2  MCS-4  37  M  CVA  60  10  1  3  3  2  0  2 Figure S1 , bottom row). HCS showed increased connectivity than MCS minus between left DLPFC and left inferior temporal gyrus and the inferior parietal cortex, as well as between left IPL and right superior temporal gyrus, right angular gyrus and right middle/inferior frontal gyrus (Supporting Information Figure S1 , upper row).
| Right frontoparietal network
In HCS, the right DLPFC and IPL were functionally connected to the lateral frontal cortex (more extensively on the right side), to the lateral temporal cortex, the precuneus, mesial frontal cortex and supramarginal/angular gyrus (more extensively on the right side) (Figure 2 MCS plus showed to some extent connectivity also in the mesial right frontal cortex and precuneus (Figure 2 , middle row). No differences were detected between MCS plus and minus.
HCS showed higher connectivity than MCS plus in left middle frontal gyrus, inferior parietal cortex, left angular gyrus (Supporting Information Figure S2 , bottom row). HCS showed higher connectivity than MCS minus in the left angular gyrus and mesial frontal cortex (Supporting Information Figure S2 , upper row).
| Auditory network
In HCS the right and left superior temporal gyri (STG) were functionally connected to the insulae, superior temporal gyri, sensorimotor cortex, supplementary motor cortex, supramarginal gyri (Figure 3 HCS showed higher connectivity than MCS plus and minus in the insulae, sensorimotor cortex and mesial frontal cortex (Supporting Information Figure S3 ).
| Default mode network
In HCS the MPFC and the PCC seeds showed connectivity with the precuneus, temporo-parietal junctions, angular gyri, mesial temporal cortex and superior lateral temporal cortex (Figure 4 HCS showed higher connectivity than MCS plus in MPFC/mesial prefrontal cortex, PCC/precuneus and temporal poles (Supporting Information Figure S4 , bottom row). HCS showed higher connectivity than MCS minus more extensively in MPFC/mesial prefrontal cortex, PCC/precuneus and temporal poles and also in the left angular gyrus (Supporting Information Figure S4 , middle and upper row).
| Thalamocortical connectivity
In the HCS the left and right thalamus were functionally connected to the MPFC, PCC/precuneus, insulae, orbitofrontal cortices and left angular gyrus (Supporting Information Figure S8, upper row) . HCS compared to MCS minus patients showed increased connectivity between the thalamus and the superior frontal gyrus, the cingulate cortex, precuneus and MPFC (Supporting Information Figure S8 , middle row). HCS compared to MCS plus patients showed higher functional connectivity between the thalamus and MPFC, angular/ supramarginal gyrus (Supporting Information Figure S8, bottom row) . 
| Interhemispheric connectivity
In the ROI to ROI connectivity analysis HCS showed higher con- Figure S9) . A similar pattern of anticorrelations was observed for the MCS minus and MCS plus groups.
| Structural MRI
MCS minus and MCS plus patients showed reduced gray matter volume as compared to HCS broadly involving the fronto-temporoparietal regions and the cerebellum (Supporting Information Figure S6 ). Patients also showed widespread white matter decrease as compared to HCS, involving the corpus callosum, mesencephalon, occipital regions and lateral fronto-parieto-temporal regions mainly on the left hemisphere (Supporting Information Figure S7 ). No differences in gray and white matter were detected between MCS plus and MCS minus.
| DISCUSSION
In this study, we aimed to better characterize the functional neuroanatomy of MCS subcategories (Bruno et al., 2011) by means of resting-state fMRI. As expected, for all four networks, as well as for thalamocortical connectivity and between-network anticorrelations, the HCS showed significantly higher functional connectivity than between-network anticorrelations (Di Perri et al., 2016) . In addition we found differences between patient groups only in the left FPN, a language-related executive control network (Smith et al., 2009 ). Specifically, we found higher connectivity between the left DLPFC and the left temporo-occipital fusiform cortex in MCS plus as compared to MCS minus patients.
Such a difference in functional connectivity detected between patient groups corroborates previous literature associating the left FPN with language-related control (Laird et al., 2011; Smith et al., 2009 ) such as semantic control (Xu et al., 2016) . within-network intrinsic connectivity (Zhu et al., 2014) . Furthermore, reorganization of this functional network was associated to the recovery of language function, as shown through greater improvement in language function after stroke recovery (Sharp, Turkheimer, Bose, Scott, & Wise, 2010; Van Hees et al., 2014) .
Furthermore, these main findings are consistent with a previous PET study (Bruno et al., 2012) that the proposed subcategorization of MCS based on command-following, intelligible verbalization and intentional communication (Bruno et al., 2011) is supported by differences in resting state functional connectivity in the left FPN. In particular, the alteration between the left DLPFC and the left temporo-occipital fusiform cortex (Brodmann Area 37) in MCS minus involves regions that have been associated with language processing and control of verbal information. The left temporo-occipital fusiform cortex has been identified as an "extended Wernicke's area" (Ardila, Bernal, & Rosselli, 2016) , which is mainly dedicated to receptive language abilities. This region is also considered to link visual and semantic information (Ardila, Bernal, & Rosselli, 2015; Vigneau et al., 2006) . The left temporo-occipital fusiform cortex has furthermore been shown to be involved in semantic categorization and matching of visual material (Adams & Janata, 2002; Binder et al., 1997; Damasio et al., 2001) , but also in word versus nonword reading (Cohen et al., 2002; Fiez, Balota, Raichle, & Peterson, 1993) .
In sum, connectivity alterations in this area might signal language deficits in MCS minus patients, which in turn might prevent them from fol- As previously stated the observed differences in functional connectivity of the left FPN between both patient groups compared to HCS are in line with the literature (Kirsch et al., 2017) . We here observed decreased connectivity in this language executive control network in MCS plus compared to MCS minus patients suggesting that MCS patients and HCS could be placed along a continuum, from severe left FPN dysfunction, possibly associated to severely impaired language processing in MCS minus patients, to preserved network connectivity in HCS, with MCS plus patients being situated between these two groups.
In the present study, we did not find between-patient group differences in functional connectivity of the right FPN and the auditory network, suggesting that command-following, intelligible verbalization and intentional communication capacities that distinguish the two subgroups cannot be explained by the functional status of these networks (Laird et al., 2011) . Nor did we find any difference in DMN correlations, suggesting that the MCS subcategorization might not be related to internal awareness/self-related mentation known to be supported by the DMN (Demertzi et al., 2015; Vanhaudenhuyse et al., 2011) . Taken together, our preliminary findings show that the clinical MCS minus and plus subcategorization involves differences in networks related to language processing, and that language residual abilities may be an important characteristic of the MCS plus subcategory.
The DMN is linked to cognitive processes related to internal thoughts, mind wandering and autobiographical memory (Stawarczyk et al., 2011) , as well as to conscious awareness more generally (Demertzi, Soddu, et al., 2013) . Some resting state fMRI studies suggest that activity of the DMN is reduced as a function of the level of impairment of consciousness, with the strongest reductions of activity observed in coma and unresponsive wakefulness syndrome (Di Perri et al., 2016; Heine et al., 2012) . The above findings suggest that MCS plus and MCS minus may differ in language processing, but not in their internal thoughts or mind-wandering, despite the fact that internal thoughts might be linked to inner-speech and therefore to language processing (Alderson-Day & Fernyhough, 2015; Corballis, 2013; Jones & Fernyhough, 2007) . A study in HCS showed that only 17% of resting-state experiences were language-based (Delamillieure et al., 2010) , while other dominant types of mental activities were visual mental imagery (35%), somato-sensory awareness (7%), inner musical experience (6%) and mental manipulation of numbers (1%). Our results may, therefore, imply that these latter mental activities would be similarly impaired in MCS minus and MCS plus patients, and that the clinical subcategorization of MCS patients could reflect a difference in language rather than in conscious awareness. We should also note that such a dissociation between connectivity of DMN and left FPN was found in different cases of language impaired conditions, such as logopenic primary progressive aphasia (Humphreys, Hoffman, Visser, Binney, & Lambon Ralph, 2015; Lehmann et al., 2016; Whitwell et al., 2015) .
The fact that we did not find differences between patient groups in interhemispheric connectivity suggests that recovery of commandfollowing, intelligible verbalization and/or intentional communication in severely brain injured patients is not related to differences in interhemispheric connectivity. These results are in line with a recent study showing that recovery of language function relies on intact left intrahemispheric functional connectivity (Siegel et al., 2016) . Further studies are needed to specify the lateralization of command-following, intelligible verbalization and intentional communication in a healthy brain, but also to better investigate possible language mechanisms in severely brain injured patients.
Our findings regarding anticorrelation patterns in patients and HCS align with previous studies reporting a rich interplay between internal and external modes of functioning which has been linked to conscious behavior (Di Perri et al., 2016; Leech, Kamourieh, Beckmann, & Sharp, 2011) . Indeed, it has been shown that the degree to which DMN and FPN (internal and external awareness networks) are anticorrelated is linked to cognitive function, suggesting that stronger anticorrelations reflect a better capacity to switch between internal and external modes of attention, which sustains cognitive abilities necessary for conscious awareness (Di Perri et al., 2016; Leech et al., 2011) . The lack of differences in anticorrelations between patient groups is consistent with a recent study showing no significant differences between various disorders of consciousness (Di Perri et al., 2016) .
With respect to structural damages, we did not observe differences in gray and white matter volume between MCS minus and plus patients using voxel-based morphometry. This is consistent with previous studies (Demertzi et al., 2015; Di Perri et al., 2016; Tshibanda et al., 2010) and suggests that the identified differences in functional connectivity are not related to morphological differences.
These results might help reduce misdiagnosis of MCS patients and better characterize their residual abilities and cognitive potential, which in turn could help implement the most appropriate therapeutic and rehabilitative approach. For example, in behaviorally unresponsive patients who show neurophysiological or neuroimaging signs of preserved left FPN, clinical examination of levels of consciousness should be repeated and nonverbal means of communication such as brain computer interface devices should be considered (e.g., Gibson, Owen, & Cruse, 2016) . Nevertheless, our study design is not without limitations. Our sample size is limited to 19 patients. Due to this small sample and its heterogeneity, any generalizability of our results (including negative findings) should be done with extreme caution and our present study should be considered a preliminary study. Nevertheless, it should be taken into account that valid resting state functional brain images in this patient population are difficult to obtain given the patients' tendency to move in the scanner, the high probability of severe brain lesions distorting brain morphometry, as well as metal and hemosiderine artifacts, which lead to a high number of patients being excluded from the study (Flowchart 1). Another point to keep in mind is that, while the most up-to-date clinical diagnostic criteria have been applied to avoid misdiagnosis (Wannez, Heine, et al., 2017) , an isolated difference in language domain between the two patient groups cannot be drawn with certainty. Lack of command-following could for example be influenced by motor impairment or arousal fluctuations. Finally, our
interpretations are based on the assumption of a close correspondence between resting state networks and the networks involved in active paradigms (Smith et al., 2009) , and therefore should be cautiously interpreted (e.g., auditory networks observed during rest and during active listening tasks may not necessarily be exactly the same).
| CONCLUSION
The proposed subcategories of MCS (Bruno et al., 2011) , based on residual language-related behavioral abilities, showed a different functional neuroanatomy as detected by resting-state fMRI. Patients in MCS minus compared to MCS plus showed impaired connectivity in the left FPN, a network involved in language-related executive control. Specifically, in MCS plus the left DLPFC was significantly more connected to the left temporo-occipital fusiform cortex, a region involved in visuo-semantic language integration. No functional connectivity differences between patient groups were observed in the auditory network, right FPN, DMN correlations and anticorrelations, nor in thalamocortical loop, interhemispheric connectivity and gray/ white matter volume. These findings suggest that the proposed clinical subcategorization of MCS patients (Bruno et al., 2011) reflects differences in residual language-related functional connectivity, and that it is seemingly not influenced by auditory processing, perception of surroundings, internal awareness/self-mentation, nor by the level of integration between both hemispheres and brain structure. These preliminary results are of clinical relevance and might help to reduce the misdiagnosis of minimally conscious patients.
